Early in development, the behavior of neuroepithelial cells is controlled by several factors acting in a developmentally regulated manner. Recently it has been shown that diffusible factors contained within embryonic cerebrospinal fluid (CSF) promote neuroepithelial cell survival, proliferation, and neurogenesis in mesencephalic explants lacking any known organizing center. In this paper, we show that mesencephalic and mesencephalic þ isthmic organizer explants cultured only with basal medium do not express the typically expressed mesencephalic or isthmic organizer genes analyzed (otx2 and fgf8, respectively) and that mesencephalic explants cultured with embryonic CSF-supplemented medium do effect such expression, although they exhibit an altered pattern of gene expression, including ectopic shh expression domains. Other trophic sources that are able to maintain normal neuroepithelial cell behavior, i.e., fibroblast growth factor-2, fail to activate this ectopic shh expression. Conversely, the expression pattern of the analyzed genes in mesencephalic þ isthmic organizer explants cultured with embryonic cerebrospinal fluid-supplemented medium mimics the pattern for control embryos developed in ovo. We demonstrate that embryonic CSF collaborates with the isthmic organizer in regulation of the expression pattern of some characteristic neuroectodermal genes during early stages of central nervous system (CNS) development, and we suggest that this collaboration is not restricted to the maintenance of neuroepithelial cell survival. Data reported in this paper corroborate the hypothesis that factors contained within embryonic CSF contribute to the patterning of the CNS during early embryonic development. V V C 2005 Wiley-Liss, Inc.
Early in development, the behavior of neuroepithelial cells is controlled by several factors acting in a developmentally regulated manner. Recently it has been shown that diffusible factors contained within embryonic cerebrospinal fluid (CSF) promote neuroepithelial cell survival, proliferation, and neurogenesis in mesencephalic explants lacking any known organizing center. In this paper, we show that mesencephalic and mesencephalic þ isthmic organizer explants cultured only with basal medium do not express the typically expressed mesencephalic or isthmic organizer genes analyzed (otx2 and fgf8, respectively) and that mesencephalic explants cultured with embryonic CSF-supplemented medium do effect such expression, although they exhibit an altered pattern of gene expression, including ectopic shh expression domains. Other trophic sources that are able to maintain normal neuroepithelial cell behavior, i.e., fibroblast growth factor-2, fail to activate this ectopic shh expression. Conversely, the expression pattern of the analyzed genes in mesencephalic þ isthmic organizer explants cultured with embryonic cerebrospinal fluid-supplemented medium mimics the pattern for control embryos developed in ovo. We demonstrate that embryonic CSF collaborates with the isthmic organizer in regulation of the expression pattern of some characteristic neuroectodermal genes during early stages of central nervous system (CNS) development, and we suggest that this collaboration is not restricted to the maintenance of neuroepithelial cell survival. Data reported in this paper corroborate the hypothesis that factors contained within embryonic CSF contribute to the patterning of the CNS during early embryonic development. Key words: brain development; neuroepithelial organotypic culture; isthmic organizer; embryonic cerebrospinal fluid; gene expression Development of the central nervous system (CNS) involves the simultaneous and interdependent action of several developmental mechanisms. The pattern and dynamics of gene expression in the brain vesicles, as well as its role in the patterning of CNS structures, are known for a number of genes. Diffusible molecules, such as growth factors and morphogens, secreted locally by organizing centers, also contribute to the establishment of positional identities and to the patterning of CNS structures, by controlling neighboring cells in an autocrine/paracrine manner Placzek et al., 1991 Placzek et al., , 1993 Roelink et al., 1994; Crossley and Martin, 1995; Bueno et al., 1996a; Crossley et al., 1996; Shamim et al., 1999; Vaccarino et al., 1999a,b; Toresson et al., 2000; Garda et al., 2001; Panchision and McKay, 2002) .
It has been reported that fibroblast growth factor-8 (FGF8) secreted from the isthmic organizer (IsO) contributes to the patterning of gene expression in the midand hindbrain by inducing the expression of en1, en2, pax2, and pax5 and repressing otx2 (Liu et al., 1999; Ye et al., 2001) . Most of these genes interact with each other to control the pattern of the cephalic vesicles and to maintain or refine the morphogenetic activity of the IsO (Li and Joyner, 2001 ). For example, en1 induces fgf8 in the IsO; otx2 coordinates positioning of shh and fgf8 expression; FGF8 is the active diffusible molecule for
The last two authors contributed equally to this work. *Correspondence to: David Bueno, Departament de Genètica, Facultat de Biologia, Universitat de Barcelona, Av. Diagonal 645, E-08028 Barcelona, Catalonia, Spain. E-mail: dbueno@ub.edu isthmic morphogenetic activity; and FGF8 also induces the formation of ectopic IsOs (Martínez et al., 1999; Shamin et al., 1999; Joyner et al., 2000; Martínez, 2001; Puelles et al., 2003 Puelles et al., , 2004 .
No reported experiments focusing on CNS development, which include tissue transplantation, implantation of beads soaked in morphogens or growth factors, and electroporation of constructs, take into account the possible effect of embryonic cerebrospinal fluid (E-CSF) on neuroepithelial cell behavior. E-CSF is a complex fluid that contains various protein fractions (Gato et al., 2004; Parada et al., 2005) . It completely fills the brain vesicles and is in close contact with the apical pole of neuroepithelial cells. In vivo this fluid generates an expansive force on neuroepithelial walls; its removal causes brain vesicle collapse (for review see Miyan et al., 2003) . At fetal and early posthatching stages, CSF also influences brain development and cortical histogenesis (Mashayekhi et al., 2002; Owen-Lynch et al., 2003) .
Several reports indicate that the neuroepithelium behaves autonomously, except for the known effect of the notochord on the floor plate of the neural tube (Echelard et al., 1993; Martí et al., 1995; Vaccarino et al., 1999b) . However, experiments performed in vitro on mesencephalic explants of chick embryos at HH20-HH23 (Hamburger and Hamilton, 1951) have demonstrated that mesencephalic neuroectodermal cells are not completely autonomous and that diffusible molecules contained within E-CSF contribute to the regulation of their survival, proliferation, and neurogenesis .
The aim of this study is to determine whether E-CSF also contributes to the regulation of neuroepithelial gene expression. We used an organotypic culture technique previously validated by Gato et al. (2005) . This technique enabled us to analyze gene expression in a simplified system, in which the explants maintain the neuroepithelial architecture with its intrinsic cell-cell interactions, and to monitor the influence exerted by other embryonic structures or tissues, such as the IsO or the E-CSF, regardless of brain collapse. We tested whether neuroepithelial gene expression is autonomous or depends on other stimuli, and we analyzed the relative contribution of E-CSF and the IsO to the regulation of neuroepithelial gene expression in these organotypic cultures. Here we demonstrate that E-CSF is needed for the IsO to regulate the expression pattern of some neuroectodermal genes during early stages of CNS development, and we suggest that this collaboration goes beyond the known role for E-CSF in neuroepithelial cell survival.
MATERIALS AND METHODS

Obtaining E-CSF
Fertile chicken eggs were incubated at 388C in a humid atmosphere to obtain chick embryos at developmental stage HH24 (Hamburger and Hamilton, 1951) . After the embryos were dissected out of extraembryonic membranes, the E-CSF was aspirated as described by Gato et al. (2004) .
Organotypic Cultures
Organotypic cultures of both mesencephalic neuroectodermal explants (dorsal mesencephalon) and mesencephalic þ IsO neuroectodermal explants were grown as described by Gato et al. (2005) . Consequently, the explants comprised either the roof plate of the midbrain and the neuroepithelium lateral to it or alternatively the roof plate of the midbrain, the neuroepithelium lateral to it, and the midbrain/hindbrain isthmus. Neuroepithelial explants were conducted in vitro for 24 hr, from HH20 to HH23. The explants were peripherally fixed to small rectangles of Millipore filters (0.8 lm pore size) with a tungsten needle as previously described . They were cultured with a chemically defined serumfree medium (basal medium; DMEM:F12; Sigma, St. Louis, MO) supplemented with 1% ascorbic acid, or alternatively supplemented with various additives, at 378C with 5% CO 2 . The following additives were added to the basal medium: E-CSF at 1/7 v/v ; FGF2 at 50 ng/ll [Sigma; human recombinant; as it has previously been reported that this medium is able to support proliferation and differentiation of neural precursors (Tropepe et al., 1999; Panchision and McKay, 2002) ]; FGF8 at 50 ng/ll [Sigma; human recombinant FGF8b; as it is known to be the active diffusible molecule for morphogenetic IsO activity (Martínez et al., 1999; Martínez, 2001) ]; or E-CSF (1/7 v/v) þ FGF8 (at 50 ng/ll, 5 ng/ll, or 0.5 ng/ll).
In Situ Hybridization
RNA in situ hybridization on whole-mount control embryos or on neuroepithelial explants was performed as described by Bueno et al. (1996b) either for one-or twoprobe development, by using single-stranded digoxigenin (DIG) or fluorescein (FITC) UTP-labelled (Boehringer Mannheim, Mannheim, Germany) antisense riboprobes. Ten explants were hybridized with each probe for each culture condition. Fgf8 riboprobe (from G. Martin; EcoRI digestion and T3 transcription), shh riboprobe (from A. Pierani; HindIII digestion and T3 transcription), otx2 riboprobe (from G. Martin; EcoRI digestion and T3 transcription), pax2 riboprobe (from P. Gruss; XbaI digestion and T3 transcription), and en1 riboprobe (from G. Martin; EcoRI digestion and T3 transcription) were synthesized by using standard protocols. Prior to hybridization, control embryos maintained in ovo until HH23 were cut sagittally into two halves to facilitate hybridization and to avoid trapping of reagents in the cephalic cavities. For HH20 controls, mesencephalic and mesencephalic þ IsO explants were processed for in situ hybridization just after fixing them to the Millipore filter (see above). For double in situ hybridization, both probes were hybridized simultaneously. The probes were detected by incubating either the whole-mount embryos or the explants overnight at room temperature (RT) with anti-DIG antibody (for one-probe development) or sequentially with antifluorescein isothiocyanate (FITC) and anti-DIG antibodies (for two-probe development) conjugated with alkaline phosphatase (1/2,000; Boehringer Mannheim). In situ hybridization was developed with NBT/BCIP (Boehringer Mannheim) for one-probe development or sequentially with NBT/BCIP and fast red tablets (Roche, Indianapolis, IN) for two-probe development, according to standard protocols. Because of peripheral damage to the explants during experimental manipulation to avoid their detachment from the filter, gene expression on the periphery of the tissue was not evaluated. This area usually darkened, probably because of trapping of reagents, so to standardize results the study took into account only the central area of the explants. For viewing and photography of the control embryos and the explants after one-probe development, we used a Stemi V6 stereomicroscope (Zeiss). For viewing and photography of the explants after two-probe development, we used an MLFZIII stereomicroscope (Leica) equipped with epifluorescence. Images for NBT/BCIP staining were captured under visible light, and images for fast red staining were captured with a rhodamine filter set. Both images were merged in Adobe Photoshop.
Immunohistochemistry and BrdU Incorporation
To detect cell survival, we monitored active caspase-3 immunostaining after in situ hybridization. After probe development, neuroepithelial explants and control embryos were washed in PBT and embedded in 5% agarose in distilled water. They were then cut at 50 lm with a vibratome (Vibratome 1000 Plus). The sections were blocked in 20% bovine serum albumin (BSA) in PBT for 20 min at room temperature and then incubated ON at 48C with a monoclonal antibody antiactive caspase-3 at 1/500 (Pharmingen, San Diego, CA). After being washed in PBT, they were incubated with an anti-mouse antibody conjugated to Alexa-488 at 1/200 (Molecular Probes, Eugene, OR) for 2 hr at RT. The samples analyzed were taken from the central area of the explants to standardize results, thus avoiding the damaged tissue of the periphery.
To detect DNA synthesis, BrdU incorporation into cell nuclei was determined by the addition of BrdU to the culture medium at a final concentration of 5 lM for 1 hr at the end of the organotypic culture. The presence of incorporated BrdU was performed as previously described for mesencephalic neuroepithelial explants . Five explants were analyzed for each culture condition. To detect early neuronal differentiation, we monitored b3-tubulin (Tuj-1) expression as previously described for mesencephalic neuroepithelial explants . Five explants were analyzed for each culture condition. Photomicrographs of sectioned material were taken using a Dialux 20 microscope (Leica). Digital images were taken with a CCD Coolpix 4500 camera (Nikon) and were assembled in Photoshop.
RESULTS
Neuroepithelial Gene Expression in Mesencephalic Explants Lacking the IsO
To test the autonomy of neuroepithelial gene expression in mesencephalic explants lacking any known organizing center and to check whether E-CSF contributes to the regulation and/or maintenance of neuroepithelial gene expression, we cultured mesencephalic explants lacking the IsO for 24 hr, i.e., from HH20 to HH23, in three sets of experiments: 1) explants cultured only with basal medium (DMEM:F12), 2) explants cultured with E-CSF-supplemented medium, and 3) explants cultured with FGF2-supplemented medium. Because of peripheral damage to explants during experimental manipulations to keep them attached to the filter, gene expression and cell behavior on the periphery of the tissue were not evaluated (see Materials and Methods).
For in situ hybridization, we used three different riboprobes for corresponding genes whose expression domains in the brain vesicles had been previously described: fgf8, which in both HH20 control explants and HH23 control embryos is expressed in the IsO, to check whether the absence of an organizer caused the formation of new ectopic organizing centers that may influence mesencephalic gene expression; otx2, which in both kind of controls is expressed in the neuroepithelium of the mesencephalon, to check whether these cells maintained their normal pattern of mesencephalic gene expression; and shh, which in controls is expressed in the ventral midline of the neuroectoderm, to check putative changes in dorsoventral patterning of gene expression.
First, we analyzed whether the absence of an organizing center in these mesencephalic explants triggered the formation of new ectopic IsOs. Mesencephalic explants cultured either with basal medium or with E-CSF-or FGF2-supplemented medium did not express any trace of fgf8 (Fig. 1A) , as with HH20 and HH23 controls, in which the expression of this gene is restricted to the IsO (see Fig. 2A1 for control mesencephalic þ IsO explant showing fgf8 expression in the IsO at the beginning of the culture).
Then, we checked whether mesencephalic neuroectodermal explants maintained a normal pattern of otx2 expression in the absence of the IsO. No mesencephalic explant cultured just with basal medium expressed any trace of otx2 (Fig. 1B) . However, corresponding explants cultured with E-CSF-or FGF2-supplemented medium did express otx2, although, unlike the case with HH20 control mesencephalic explants and HH23 control embryos, some dorsal mesencephalic neuroectodermal patches did not express otx2. Although all analyzed explants showed patches not expressing otx2, the extension and location of the patches within the explant can vary slightly. These results suggest that otx2 expression in mesencephalic tissue lacking the IsO is not autonomous, at least in the absence of E-CSF.
Finally, we looked for changes in dorsoventral patterning of gene expression in these dorsal mesencephalic explants. No dorsal mesencephalic explants cultured just with basal medium expressed any trace of shh (Fig. 1C) , whereas, surprisingly, corresponding explants cultured with E-CSF-supplemented medium had some patches of shh expression, unlike controls, which showed shh expression restricted to the ventral midline. Although all analyzed explants cultured with E-CSF-supplemented medium showed patches of shh expression, the extension and location of these patches within the explant can also vary slightly. Patches that did not express otx2 matched patches expressing shh, as revealed by double in situ hybridization (Fig. 1D ). Explants cultured with FGF2-supplemented medium did not show any trace of shh expression (Fig. 1C4) , suggesting that E-CSF may contain molecules that specifically trigger shh ectopic expression in these explants that lack the IsO.
It had previously been reported that E-CSF is involved in neuroectodermal cell survival in vitro, so we verified whether this cellular parameter was impaired in these mesencephalic explants. All explants used for in situ hybridization were immunostained with an antibody to active caspase 3 after probe development. As expected, explants cultured just with basal medium had more active caspase 3 cells that were positive than explants cultured with E-CSF-or FGF2-supplemented medium, which were similar to control (Fig. 1E ). This suggests that the lack of otx2 expression in the mesencephalic explants cultured just with basal medium may be due to impaired cell survival.
However, not all neuroectodermal cells had impaired survival behavior. Therefore, we next checked whether in these explants there were still a significant number of functionally active cells that maintained other basic cellular processes, e.g., DNA synthesis and neural differentiation, because it was thought that these functionally active cells might express the monitored genes. As shown in Figure 1F ,G, explants cultured with basal medium had a significant number of neuroepithelial cells that maintained DNA synthesis, as detected by bromodeoxyuridine (BrdU) incorporation and that were engaged in the process of primary neurogenesis, as detected by b3-tubulin immunostaining, though these were fewer than in explants cultured with E-CSF-or FGF2-supplemented medium and fewer than in HH23 controls. Taken together, these results suggest that gene expression in mesencephalic explants lacking the IsO is not completely autonomous and that it depends at least in part on the presence of E-CSF, although, according to the observed disturbances in otx2 and shh expression domains, other factors are needed to ensure a completely normal pattern of gene expression.
Neuroepithelial Gene Expression in Mesencephalic þ IsO Explants
To test whether the morphogenetic activity of the IsO was sufficient to ensure a normal pattern of gene expression in mesencephalic explants, and to determine whether the absence of the IsO in the above-described mesencephalic explants accounts for the presence of nonotx2-expressing patches, we cultured mesencephalic þ IsO neuroectodermal explants with either basal medium or E-CSF-supplemented medium also for 24 hr, from HH20 to HH23.
First, we analyzed whether in these explants the IsO maintained its normal morphogenetic activity by monitoring fgf8 expression, because its gene product is known to be the active diffusible molecule for this organizing center. No mesencephalic þ IsO explants cultured just with basal medium had any trace of fgf8 expression ( Fig. 2A) , whereas these same explants cultured with E-CSF-supplemented medium had fgf8 expression restricted to the IsO area, as HH20 control explants and HH23 control embryos did (see Fig. 1A5 for an HH23 control embryo).
With respect to otx2 expression, no mesencephalic þ IsO explants cultured just with basal medium expressed any trace of this gene (Fig. 2B) , whereas the same explants cultured with E-CSF-supplemented medium showed a completely normal pattern of expression, as did control (see Fig. 1B5 for a HH23 control embryo). We then tested whether these dorsal explants also showed ectopic shh expression domains, as reported for mesencephalic explants lacking the IsO. Neither mesencephalic þ IsO explants cultured with basal medium nor those cultured with E-CSF-supplemented medium showed any trace of shh expression (Fig. 2 C) , the same as controls (see Fig. 1C5 for a HH23 control embryo). This suggests that the lack of IsO in these explants accounts for the reported differences in otx2 and shh expression domains in control embryos and, thus, that E-CSF collaborates with the IsO to maintain the expression of these genes.
There were no previous reports on the role of E-CSF in neuroectodermal cell survival in organotypic cul Fig 1. A-G: Mesencephalic neuroectodermal explants cultured with basal medium (DMEM:F12) or E-CSF-or FGF2-supplemented medium for 24 hr, from HH20 to HH23, compared with HH20 control explants and HH23 control embryos developed in ovo. The culture medium is indicated at the top of each column, and either the probe used for the hybridization or the detected molecule is shown at left. All explants and the mesencephalon of control embryos were immunostained with an antibody to active caspase 3 (actv casp-3) after probe development to view apoptosis. E1-5 are typical cross-sections of neuroectoderm for each culture condition or for controls to show the presence of apoptotic cells. F1-5 are typical cross-sections of neuroectoderm showing the presence of DNA-synthesizing cells under the appropriate culture conditions. G1-5 are typical cross-sections of neuroectoderm showing early neuronal differentiation under the appropriate culture conditions. In all cross-sections, the basal pole of the neuroectoderm is to the right and the apical pole to the left. Dashed line in control embryos developed in ovo (A5, B5 and C5) indicates the craneocaudal sectioning line of the explants. The corresponding explants are shown in a coronal view. Cranial is to the top. D shows a double in situ hybridization to otx2 (for NBT/BCIP development) and shh (for fast development viewed with a rhodamine filter set). The circle in the whole-mount explants indicates the central area of the explants, because the damaged tissue of the periphery should not be taken into account. Arrows indicate areas of gene expression. Arrowheads indicate patches not expressing otx2. i, Isthmus; m, mesencephalon; vm, ventral midline. tures of dorsal mesencephalic explants including the IsO, so we checked whether this cellular parameter was impaired. Mesencephalic þ IsO explants cultured just with basal medium had more active caspase 3-positive cells than explants cultured with E-CSF-supplemented medium or controls ( Fig. 2D ; see Fig. 1E5 for a HH23 control embryo). Again, this suggested that the lack of fgf8 and otx2 expression in the mesencephalic þ IsO explants cultured just with basal medium may be due to impaired cell survival. With respect to DNA synthesis and neural differentiation, a significant number of neuroepithelial cells in explants cultured with basal medium maintained DNA synthesis and were engaged in the process of primary neurogenesis, although there were fewer of these than of explants cultured with E-CSF-supplemented medium and HH23 controls (see Fig. 1F5 ,G5 for HH23 control embryos).
Finally, we analyzed whether the presence of FGF8, the active diffusible molecule for IsO morphogenetic activity, was sufficient to maintain normal mesencephalic gene expression or, alternatively, to induce the ectopic expression of other typically IsO-expressed genes, e.g., pax2 and en1. Mesencephalic explants lacking the IsO were cultured with either FGF8-supplemented medium or E-CSF þ FGF8-supplemented medium at 50 ng/ll for 24 hr, from HH20 to HH23. For in situ hybridization, we used three different riboprobes for genes whose expression domains had been previously described: otx2 (see above), pax2, and en1, which in HH20 control explants and HH23 control embryos are expressed in the IsO.
No mesencephalic explants cultured with either FGF8-supplemented medium or E-CSF þ FGF8-supplemented medium expressed any trace of otx2 (Fig. 3A) , unlike controls. Similarly, no mesencephalic explants cultured with FGF8-supplemented medium showed any pax2 or en1 expression (Fig. 3B,C) , but, conversely, explants cultured with E-CSF þ FGF8-supplemented medium did exhibit patches of pax2 and en1 expression. In HH20 and HH23 controls, pax2 expression was restricted to the IsO (Fig. 3B) , and en1 was expressed at HH20 in both the mesencephalon and the IsO and was restricted to the IsO at HH23 (Fig. 3C) .
Surprisingly, when we checked cell survival by active caspase 3 immunostaining in all these explants, there were more apoptotic cells in explants cultured with both FGF8-and E-CSF þ FGF8-supplemented medium than in controls (Fig. 3D) . However, these explants also had a significant number of neuroepithelial cells that maintained DNA synthesis and that were engaged in the process of primary neurogenesis (Figs. 3E,F) , which may account for the neuroepithelial cells expressing pax2 and en1 in explants cultured with E-CSF þ FGF8-supplemented medium, although there were fewer of them than of explants cultured with E-CSF-supplemented medium and HH23 controls (see Fig. 1F3 ,G3 for explants cultured with E-CSF-supplemented medium).
It is known that overexpression of fgf8 leads to increased cell death in telencephalic explants, so we cultured mesencephalic explants with several different concentrations of FGF8, i.e., 5 ng/ll and 0.5 ng/ll, in E-CSF-supplemented medium (Fig. 4) . As FGF8 concentration decreased, otx2 expression progressively increased, and, conversely, pax2 and en1 expression domains decreased. Accordingly, the number of active caspase 3-positive cells also decreased. Taken together, these results suggest that the remaining functionally active neuroectodermal cells, at least in explants cultured with E-CSFsupplemented medium, and despite the fact that they may not be completely healthy, do indeed express typical neuroectodermal genes, insofar as they expressed pax2 and en1 under the induction of FGF8 in the presence of E-CSF.
DISCUSSION
In this paper, by using an organotypic tissue culture technique for neuroectodermal explants, we demonstrate that E-CSF collaborates with the IsO in the regulation of mesencephalic neuroectodermal gene expression. Mesencephalic and mesencephalic þ IsO explants cultured just with basal medium do not express either of the typically expressed mesencephalic or IsO genes analyzed, i.e., otx2 and fgf8, respectively, even though significant numbers of neuroepithelial cells maintain their basic cellular functions, as seen by DNA synthesis and neural differentiation. Mesencephalic explants cultured with E-CSF-supplemented medium do not express fgf8, as expected for explants lacking the IsO, and the expression domains of otx2 and shh are different from those of control embryos: otx2 is not expressed in some neuroepithelial patches of the mesencephalon, and shh is ectopically expressed in the patches that do not express otx2. Interestingly, mesencephalic explants cultured with FGF2-supplemented medium show the same pattern of otx2 expression but do not express shh. Conversely, the expression pattern of fgf8, otx2, and shh in explants comprising both mesencephalic and IsO neuroectoderm cultured with E-CSF-supplemented medium mimics the pattern for control embryos developed in ovo. Finally, FGF8 induces the ectopic expression of pax2 and en1 in the mesencephalon in the presence of E-CSF and represses otx2 expression, in a concentration-dependent manner. Overall, our results suggest that E-CSF has a role in the maintenance of neuroepithelial gene expression.
E-CSF Influences Neuroepithelial Gene Expression
Experimental evidence that neuroepithelial cell survival, replication, and differentiation are maintained by E-CSF in mesencephalic neuroectodermal explants has recently been provided . It has been suggested that E-CSF, which is in close contact with the apical pole of the neuroectodermal cells at the analyzed developmental stages, contains key molecules involved in the control of these cell processes. Consequently, it plays a relevant role in the development of the embryonic brain in vivo. In this way, E-CSF has a complex protein composition (Dziegielewska et al., 1980 (Dziegielewska et al., , 1981 . By using 2D-electrophoresis techniques, Western blot, and sequencing analysis, we identified at least 30 proteins in E-CSF, including some proteins known to be involved in neuronal development in systems other than E-CSF, such as N-cadherin, some members of the apolipoprotein family and retinol carriers, and FGF2, among others (Gato et al., 1998; Parada et al., 2005) . To test their individual roles in brain development, functional analysis of the gene products identified within E-CSF is clearly needed. It has also been suggested that in adults CSF plays a key role as a fluid way to deliver diffusible signals to the ependyma, whose apical pole is also in close contact with CSF and, thus, to influence the behavior of determined brain parenchyma cells (Nicholson, 1999; Alvarez-Buylla and Garcia-Verdugo, 2002; Tramontin et al., 2003) .
To check whether E-CSF as a whole is also involved in the regulation of neuroepithelial gene expression, we first analyzed the gene expression autonomy of the neuroepithelium. It is known that some kinds of explants, e.g., palate explants, are able to grow in vitro in basal medium in the absence of any specific additive, such as fetal serum (Cuervo et al., 2002) . Our results show that the behavior of the neuroectoderm with respect to gene expression is not autonomous, insofar as both mesencephalic and mesencephalic þ IsO explants cultured just with basal medium or with FGF8-supplemented medium, the active diffusible molecule for isthmic morphogenetic activity (Martínez et al., 1999; Shamin et al., 1999; Joyner et al., 2000; Martínez, 2001; Puelles et al., 2003 Puelles et al., , 2004 , do not express either of the analyzed genes, i.e., otx2 and fgf8 for the mesencephalon and IsO, respectively, unlike explants cultured with E-CSF-supplemented medium. In explants cultured with basal medium, the survival of some neuroepithelial cells is impaired, a result that is corroborated by recent reports evaluating this cell behavior parameter and quantifying it with the same organotypic culture technique . Thus, it may be thought that this impaired cell background accounts at least partially for the lack of otx2 and fgf8 expression.
It is worth noting that mesencephalic explants cultured with E-CSF þ FGF8-supplemented medium (at 50 ng/ll) also have a significant number of apoptotic cells, similar to the number for explants cultured with just basal medium. They also have a significant number of functionally active cells. Unlike explants cultured with just basal medium, the explants cultured with E-CSF þ FGF8-supplemented medium do exhibit ectopic expression of pax2, which suggests that the functionally active cells that remain in these organotypic cultures, despite the fact that they may not be completely healthy, express typical mesencephalic genes. The fact that these explants, which are cultured in a medium containing E-CSF, are able to express the analyzed genes, whereas explants cultured only in basal medium are not, despite the fact that both exhibit a similar number of active caspase 3-positive cells, indicates that E-CSF is needed to allow cells thought to be functionally active for gene expression. To distinguish between a mechanistic role for E-CSF in cell survival and a direct role in activating gene expression, the results of explants cultured with FGF2-supplemented medium must be considered (see below).
The ectopic induction of pax2 and en1 expression-genes that in control embryos at a developmental stage equivalent to that for the end of the culture are normally expressed in the IsO-indicates that the presence of FGF8 in the culture medium in the presence of E-CSF mimics the induction of ectopic IsOs reported in experiments performed in vivo by the implantation of heparin beads carrying FGF8 (Liu et al., 1999; Martínez et al., 1999) . This result contributes to the validation of this organotypic tissue culture technique, in that it reproduces in vitro the same inductive and repressive effects on gene expression domains as reported in vivo.
Regarding the significant increase in the number of apoptotic cells in mesencephalic explants cultured with E-CSF þ FGF8-supplemented medium at 50 ng/ll, it is known that overexpression of FGF8 leads to increased cell death in telencephalic explants, and it has been suggested that a tightly regulated level of FGF8 is critical to maintain its function in mesencephalic/metencephalic patterning (Meyers et al., 1998; Chi et al., 2003; Storm et al., 2003) . Our results support these suggestions, in that mesencephalic explants cultured with E-CSF þ FGF8-supplemented medium either at 5 ng/ll or at 0.5 ng/ll do exhibit a progressive decrease in the number of apoptotic cells, a progressive decrease in the induction of the ectopic expression of pax2 and en1 and, thus, a progressive increase of otx2 expression.
More interesting for the purposes of this study, when mesencephalic explants are cultured with FGF2-supplemented medium, a growth factor that is known to be one of the main factors involved in regulating the proliferation and differentiation of neural precursors at early stages of development (Tropepe et al., 1999; Panchision and McKay, 2002) , the explants' basic cell behavioral parameters (i.e., cell survival, proliferation, and neural differentiation) are similar to those for explants cultured with E-CSF-supplemented medium . These mesencephalic explants are also able to express otx2, much as do explants cultured with E-CSF-supplemented media. Conversely, however, they do not express shh ectopically. This indicates that E-CSF contains a molecule (or molecules) that trigger ectopic shh expression in the absence of IsO. Thus, the facts that 1) cells that are thought to be functionally active in explants cultured just with basal medium do not express either otx2 or fgf8, 2) explants cultured with E-CSF-supplemented medium do express these genes, 3) FGF2 maintains the basic cell behavioral parameters as well as otx2 expression in these organotypic cultures just as E-CSF does but conversely is unable to trigger the ectopic expression of shh as E-CSF does, and 4) functionally active cells in explants cultured with E-CSF þ FGF8-supplemented medium also express pax2 and en1 all support the hypothesis that the role of E-CSF in neuroepithelial gene expression is not restricted to the maintenance of cell survival but also contributes to neuroepithelial gene expression.
E-CSF Collaborates With the IsO To Regulate the Patterning of Mesencephalic Gene Expression
As stated above, mesencephalic explants lacking the IsO cultured with E-CSF-supplemented medium show small disturbances in shh and otx2 expression domains. Shh, which in control embryos is expressed in the ventral midline of the neuroectoderm, but never in lateral or dorsal mesencephalon (Echelard et al., 1993; Bueno et al., 1996a) , is ectopically expressed in some patches of dorsal mesencephalon, the ones that do not have otx2 expression. It is known that, to control the pattern and development of the cephalic vesicles, most genes involved in these processes interact with each other. In this regard, otx2 exerts a dose-dependent repressive effect that coordinates proper positioning of shh (Puelles et al., 2003 (Puelles et al., , 2004 . It has been reported that conditional mouse mutants in which otx2 expression domain is dorsally reduced show a dorsally enlarged expression domain for shh (Puelles et al., 2003) . Thus, the presence of patches that do not express otx2 may account for the release of the repressive effect on shh expression.
Moreover, we also show that mesencephalic þ IsO explants cultured with E-CSF-supplemented medium have a completely normal pattern of gene expression. Thus, fgf8 expression is restricted to the IsO; otx2 expression is detected all along the mesencephalon but not in the IsO, and shh expression is not detected at all. As discussed above, to control the pattern and development of the cephalic vesicles, most of the genes involved in these processes interact with each other. Thus, and in addition to the dose-dependent repressive effect exerted by otx2 to coordinate proper positioning of shh in the ventral midline, it also represses fgf8 expression in the mesencephalon (Martínez et al., 1999; Joyner et al., 2000; Martínez, 2001; Puelles et al., 2003 Puelles et al., , 2004 . FGF8 is known to be one of the active diffusible molecules in IsO morphogenetic activity (together with Wnt1; Wilkinson et al., 1987; Nusse and Warmus, 1992) and contributes to the patterning of gene expression in the mid-and hindbrain, inducing the expression of en1, en2, pax2, and pax5 and repressing otx2 (Liu et al., 1999; Ye et al., 2001) .
The completely normal pattern of expression of otx2, fgf8, and shh in the mesencephalic þ IsO explants cultured with E-CSF-supplemented medium indicates that, in these organotypic cultures, the IsO maintains its normal morphogenetic activity in the presence of E-CSF and that these explants mimic the reported interactions for these genes, as in embryos developed in ovo. Taking together all the reported results, we can conclude that, in vitro, E-CSF collaborates with the IsO to regulate the expression of some characteristic neuroectodermal genes during early stages of CNS development and that the survival factors contained within the E-CSF are needed by the IsO to exert its morphogenetic activity. However, because E-CSF is able to induce shh ectopic expression in the absence of IsO, and known trophic factors involved in regulating the proliferation and differentiation of neural precursors at early stages of development (i.e., FGF2) are not, we suggest that this collaboration goes beyond the strict function of the maintenance of neuroepithelial cell survival exerted by E-CSF. It is tempting to speculate that the same collaboration occurs during in vivo development.
